The blood-brain barrier (BBB) constitutes a major obstacle in brain drug delivery. Focused ultrasound (FUS) in conjunction with microbubbles has been shown to open the BBB noninvasively, locally, and transiently to allow large molecules diffusion. Neurturin (NTN), a member of the glial-derived neurotrophic factor (GDNF) family, has been demonstrated to have neuroprotective and regenerative effects on dopaminergic neurons in vivo using invasive drug delivery methods. The brain's ascending nigrostriatal pathway is severely damaged in Parkinson's disease (PD), and therefore the substantia nigra (SN) and striatal caudoputamen (CP) were selected as the target areas. The objective of the study was to investigate whether safe and efficient NTN delivery can be achieved through FUS-induced BBB opening via intravenous administration, and thus trigger the neuroregeneration cascade in the nigrostriatal pathway. After the optimization of FUS parameters and target locations in the murine brain, NTN bioavailability and downstream signaling were detected and characterized through immunostaining. FUS significantly enhanced the delivery of NTN compared with the direct injection technique, whereas triggering of the signaling cascade was detected downstream to the neuronal nuclei. These findings thus indicate the potential of the FUS method to mediate transport of proteins through the blood-brain barrier in a PD animal model.
INTRODUCTION
To date, there are no central nervous system disease-modifying treatments, except for treatments limited to the symptomatic relief of such diseases, such as Alzheimer's and Parkinson's. Neurotrophic factors, such as members of the glial cell-derived neurotrophic family glial-derived neurotrophic factor (GDNF), neurturin (NTN), and brain-derived neurotrophic factor, are proteins with therapeutic potential in the treatment of central nervous system neurodegenerative diseases through neuroprotection and neuroregeneration. The blood-brain barrier (BBB) is the rate-limiting factor for the treatment of the central nervous system (CNS) diseases as it hinders drugs and other agents from reaching their end targets at the brain parenchyma. 1, 2 Meanwhile, focused ultrasound (FUS) in conjunction with systemically administered microbubbles has been shown to be the sole noninvasive method to open the BBB locally and safely, [3] [4] [5] [6] and to allow the penetration of molecules including pharmacologically relevant agents and drugs such as anticancer therapeutic drugs, therapeutic antibodies, neurotrophic factors, adeno-associated virus, and neural stem cells. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Parkinson's disease (PD) is a neurodegenerative disorder where severe damage is observed in the dopaminergic neuronal cell bodies in the substantia nigra (SN), which are projecting their terminals in the caudate-putamen (CP). 17 Previous studies have shown that GDNF has a strong therapeutic potential in rodents, 18 non-human primates, [19] [20] [21] [22] and PD patients in a phase I clinical trial [23] [24] [25] with restoration of dopaminergic neurons and functional improvements; however, there have been conflicting findings in phase II clinical trials 26, 27 and the studies were halted because of safety concerns, including but not limited to the presence of neutralizing antibodies to GDNF in some patients. As an alternative to GDNF, NTN has been demonstrated to have enormous neuroprotective and neuroregenerative effects on dopaminergic neurons and trophic effects on the parkinsonian brain through intrastriatal injections in rodent PD models, 28, 29 convectionenhanced delivery in a non-human primate PD model, 30 as well as intracranial lentiviral (AAV2) injection. 31 AAV2-neurturin gene therapy in PD patients showed that both SN and CP have to be targeted as terminal fields to ensure maximal benefits, 32 and therefore, in the more recent clinical trial, 33 two infusions through one needle tract for the SN and three infusions through three needle tracts in the CP, passing through a single burr hole per hemisphere, were performed.
The aim of this study was the efficient in vivo delivery of systemically administered NTN via the safely, locally, and reversibly opened BBB through FUS to the brain parenchyma, followed by downstream bioactivity to the neurons in wild-type mice. In the first part of the study, FUS acoustic parameters and targeting sonication locations for efficient and safe BBB opening at the SN and CP were investigated and optimized using molecules with size similar to NTN (MW: 23.6 kDa), i.e., fluorescently tagged dextrans. Magnetic resonance imaging was used for the quantification of the BBB opening volume (V BBB ), permeability mapping, i.e., transfer rate of gadolinium from blood plasma to the extravascular, extracellular space (K trans ), as well as the reversibility timeline of the opening. In the second part, NTN was administered after FUS treatment, and brains were harvested for the assessment and quantification of the diffusion as well as the bioactivity through downstream signaling, and the outcome was also compared with NTN direct injection (DI) findings.
MATERIALS AND METHODS
All animal experimental procedures were approved by the Columbia University Institutional Animal Care and Use Committee and Columbia University's Research and Compliance Administration System. All efforts were made to minimize animal suffering and to reduce the number of subjects used. As shown in Table 1 , depending on each specific objective of this study, different methods and techniques were used in a total of 34 (n = 34) wild-type adult male mice (strain: C57BL/6, Harlan Sprague Dawley, Indianapolis, IN, USA) weighing 20 to 25 g, with a minimum of two animals in one group and four in the other groups. Animals were individually housed under standard conditions (12-hour light/dark cycles, 22°C), were fed a standard rodent chow (3 kcal/g; Harlan Laboratories, Indianapolis, IN, USA) and bi-distilled water, and had ad libitum access to their diets and drinking water.
Focused ultrasound
A single-element, spherical-segment FUS transducer (center frequency: 1.5 MHz, focal depth: 60 mm, radius: 30 mm; axial full-width half-maximum intensity: 7.5 mm, lateral full-width half-maximum intensity: 1 mm, Imasonic, Voray-sur-I'Ognon, France), driven by a function generator (Agilent, Palo Alto, CA, USA) through a 50-dB power amplifier (E&I, Rochester, NY, USA) as shown in Figures 1A and C was used to target the SN or the CP, as shown in Figure 1D . A needle hydrophone (HGL-0400, Onda, Sunnyvale, CA, USA) was used for the transducer calibration, which measured the acoustic beam profile in a tank filled with degassed water. A central void of the therapeutic transducer held a pulse-echo ultrasound transducer (center frequency: 10 MHz, focal depth: 60 mm, radius 11.2 mm; Olympus NDT, Waltham, MA, USA) used for alignment, with their two foci aligned. The imaging transducer was driven by a pulser-receiver (Olympus, Waltham, MA, USA) connected to a digitizer (Gage Applied Technologies, Lachine, QC, Canada). A cone filled with degassed and distilled water was mounted onto the transducer assembly. The transducers were attached to a computer-controlled three-dimensional positioning system (Velmex, Lachine, QC, Canada). A bolus of 1 μL/g of body mass polydisperse manufactured in-house 34 microbubbles diluted in saline ( 8 × 10 8 #/mL, mean diameter: 1.4 μm) was intravenously injected immediately preceding the sonication at each target, i.e., SN or CP. A 20-minute time interval was allowed between SN and CP targeting, to allow the microbubble concentration to be cleared from the circulation. 35 Each animal was sonicated for 60 seconds, with a pulse repetition frequency of 10 Hz, with one or two sonication locations at each target to safely open the entire area of interest with acoustic parameters that do not cause damage, at peak negative acoustic pressure of 0.45 MPa 36, 37 after accounting for 18% and 33% murine skull attenuation for the SN and CP, respectively.
Acoustic parameters and sonication locations optimization. The pulse length (PL) tested varied between 5,500 cycles (3.3 ms) and 10,000 cycles (6.6 ms) to investigate which parameter would induce more efficient drug delivery to the areas of interest. It has been previously shown that the PL has an important role in the BBB opening characteristics, such as the permeability and the volume of opening, 36 as well as the closing timeline.
To target the SN, the transducer, which was placed perpendicular to the brain surface, was aligned with the posterior fontanel, i.e., the sagittal suture's junction with the lambdoid suture, with a method described elsewhere 4 and was then moved anteriorly 1.5 mm on the sagittal suture, and laterally 1.7 mm onto the left hemisphere, as shown in Figure 1D .
The CP is located in the striatum, which is a large area relative to the FUS focal size; it is therefore challenging to induce BBB opening in the entire CP using a single sonication. For example, it has been shown that the acoustic parameters used to increase the volume of opening with a single sonication can also increase the probability of damage. 36, 37 For this reason, the effect of having two nonoverlapping s at that target was studied, each one at a relatively low PL, aiming at inducing sufficient BBB opening while staying within the safe acoustic parameters range. When FUS was applied only at one sonication location, the transducer focus was moved 4.5 mm anteriorly from the posterior fontanel and 2.5 mm laterally to the sagittal suture. When FUS was applied at two ipsilateral nonoverlapping sonication locations, the transducer focus was moved 4 mm anteriorly and 3 mm laterally for the first location, and was immediately moved after the first sonication 1 mm anteriorly and 1 mm laterally toward the sagittal suture for the second sonication location as shown in Figure 1D . There was no additional microbubble administration between the two sonication locations.
Fluorescence microscopy
In the first objective, animals were injected with a bolus of fluoresceintagged dextrans (Invitrogen, Carlsbad, CA, USA) at a dosage of 6 μg/g of body mass, diluted in 100 μL of saline though the tail vein, immediately after sonication. Animals were transcardially perfused 1 hour after FUS with 30 mL phosphate-buffered saline (PBS) and 60 mL 4% paraformaldehyde. Heads were soaked in paraformaldehyde for 24 hours. Skulls were removed and the brains were fixed again in 4% paraformaldehyde for 24 hours and transferred to 10% (30 minutes), 20% (60 minutes), and 30% (24 hours) sucrose solutions for cryoprotection. Brain samples were then embedded in an optimal cutting temperature medium and were frozen using dry ice and isopentane. Frozen blocks were sectioned horizontally at 60-μm thickness for fluorescent imaging. Fluorescence images were acquired using a fluorescence microscope (BX61; Olympus, Melville, NY, USA) with a filter set at excitation and emission wavelengths of 490 and 525 nm, respectively.
Magnetic resonance imaging
All mice were imaged using a 9.4T vertical bore microimaging magnetic resonance imaging (MRI) system (DRX400, Bruker, Biospin, Billerica, MA, USA). Each mouse was scanned 20 to 30 minutes after sonication, using a 30-mm-diameter 1H resonator. Isoflurane gas (1 to 2%) was used to keep the mouse anesthetized at 50 to 70 breaths/minute during the entire MRI procedure. On the day of sonication, dynamic contrast-enhanced MR imaging was performed using a two-dimensional FLASH T1-weighted sequence (40 acquisitions, 192 × 128 matrix size, in-plane resolution: 130 × 130 μm 2 , slice thickness: 600 μm, TR/TE = 230/2.9 milliseconds). During the third acquisition of the dynamic sequence, a 0.30-mL nondiluted bolus of Gd-DTPA-BMA (Omniscan, 287 mg/mL) was injected intraperitoneally and was used as a tracer to depict the area of opening, as shown in Figure 2A . After completion of dynamic contrast-enhanced MR imaging, a post-contrast enhancement, T1-weighted two-dimensional FLASH high-resolution acquisition (TR/TE: 230/3.3 milliseconds, resolution 100 μm × 100 μm, slice thickness: 400 μm) was acquired. The scanning time of each dynamic contrast-enhanced and T1-weighted MRI image was 40 minutes and 4 minutes, respectively. Depending on the objective, T1-weighted MR imaging was repeated on a daily basis starting from the day of sonication (1 hour) and lasting up to 1 week after sonication.
Permeability mapping, volume quantification, and timeline. The general kinetic model 38 was used to measure the BBB permeability following the general expression of
where C t is the tracer concentration in the extravascular extracellular space at time t, C p is the tracer concentration in the blood plasma and K trans and K ep are the transfer rate constants from the intravascular system to the extravascular extracellular space and backwards, respectively. The consecutive images from the dynamic contrast-enhanced MR imaging were entered in a custom algorithm implemented on Matlab ( MathWorks, Natick, MA, USA), with a method described elsewhere, 39 and K trans maps were generated. The maps were then overlaid onto the MR images to provide information on the BBB opening permeability characteristics as shown in Figure 3A .
The volume of opening (V BBB ) and reversibility timeline were quantified by processing the high-resolution T1-weighted images with a custom algorithm in Matlab (MathWorks, Natick, MA, USA) as described elsewhere. 37 A three-dimensional reconstruction of the opening in CP and SN is shown in Figure 2A . Thresholded voxels within the VOI with signal intensity of 2.5 standard deviations or above the signal intensity of a reference region in the non-sonicated area counted toward the opening volume, whereas the volume of contrast-enhanced vasculature was excluded. The longitudinal measurements, i.e., the closing timeline, are shown in Figure 3B .
Neurturin delivery
Neurturin administration. Human neurturin neurotrophic factor (NTN, Invitrogen, CA, USA) was injected via a tail vein bolus injection at dosage of 20 μg/g diluted in saline immediately after sonication and mice were survived for 1 hour to allow sufficient time for circulation and bioactivity effects (see Table 1 ).
To investigate the advantage of using FUS for NTN delivery to the brain, over the conventional method of DI, experiments with DI of 5 μg/g in the CP and 5μg/g in the SN, diluted in saline (9.8 mg/mL) with a total volume of 0.02 μL/g, were performed on two (n = 2) mice (see Table 1 ). Using a stereotaxic frame, one hole for SN and one hole for CP were opened with Figure 1 . Methods, (A) experimental setup, (B) lateral focal beam profile, (C) axial focal beam profile, (D) axial brain section overlaid with the sonication locations targeted at the formations of interest, i.e., caudoputamen (CP) and substantia nigra (SN), adapted from Allen Brain Atlas. (E) An example of color deconvolution, which was used to calculate the contribution of each stain to the RGB image. All the samples were stained with diaminobenzidine (DAB) and hematoxylin, and, using this robust method, the DAB color could be extracted and used for qualitative and quantitative measurements. 3D, three-dimensional.
the use of a surgical drill on the skull surface. To reach the SN, the hole through which the needle was inserted into the brain was 3.7 mm posterior to the bregma and 1.85 mm lateral, and it was injected 5 mm deep from the skull surface. To reach the CP, the hole was opened 1 mm posterior to the bregma and 2.2 mm lateral, and the needle was injected at a depth of 3 mm. The needle syringe was withdrawn 5 minutes after injection at each location to avoid potential backflow of NTN via the needle path outside the brain.
Tissue fixation and staining. The animals were killed and transcardially perfused with 30 mL PBS and 60 mL 4% paraformaldehyde. All the heads were soaked in paraformaldehyde for 24 hours. Skulls were removed, and the brains were fixed again in 4% paraformaldehyde for 6 days followed by conventional post-fixation procedures. Paraffin-embedded specimens were sectioned horizontally at a thickness of 6 to 10 μm covering the SN and CP formations.
For the detection of bioactivity and the downstream signaling cascade of NTN, four primary antibodies were selected: an antibody against human NTN (anti-NTN Ab8061, Abcam, Cambridge, MA, USA), an antibody against phosphorylated Ret (p-Ret rabbit, Tyr 1062, Santa Cruz Biotechnology, CA, USA) which is a receptor tyrosine kinase on the neuronal cell surface with NTN specificity, an antibody against phosphorylated ERK1/2 (Phospho-p44/42 MAPK (Erk1/2), Cell Signaling Technology, Beverly, MA, USA), which is a cytoplasmic protein kinase which promotes neuronal growth and differentiation, and finally an antibody against phosphorylated CREB (p-CREB-1 Antibody (Ser 133), Santa Cruz Biotechnology, Dallas, TX, USA) which is a transcription factor in the neuronal nucleus.
A standard protocol for deparaffinization and hydration was then followed. Sections were put in citrate buffer (1L, pH 6) in a pressure cooker and microwaved for 20 minutes, then let to cool down for 30 minutes at room temperature for antigen retrieval. Slides were then washed in dH 2 O one time and in PBS three times for 5 minutes each, incubated in 30% hydrogen peroxide in PBS for 10 minutes, and washed again in dH 2 O and PBS. Then 10%, 10%, 10%, and 5% normal goat serum was used for blocking for 20 minutes for human NTN, Ret, ERK1/2, and CREB, respectively. The blocking serum was then removed and the primary antibody to each The slides were then washed in PBS three times for 5 minutes each. ABC reagent (A 1:50, B 1:50 in PBS 30 minutes before being mixed) were added for 30 minutes at room temperature. Slides were again washed in PBS three times for 5 minutes each. DAB solution was added to each section (DAKO North America, Carpinteria, CA, USA), and, as soon as the sections developed (brown stain), the slides were immersed in dH 2 O and counterstained with hematoxylin (dark blue/purple stain), were dehydrated, and mounted with coverslips.
Imaging and staining quantification. Bright-field images were acquired using a light microscope (BX61; Olympus, Melville, NY, USA) and were white corrected. The mean DAB intensity was computed using an algorithm implemented in Matlab (MathWorks, Natick, MA, USA) using the color deconvolution method 40 for sections that had developed with DAB and were counterstained with hematoxylin, as shown in Figure 1E . DAB intensity was used for immunostaining detection of NTN diffusion through the BBB and bioavailability to different brain regions, and the areas of bioavailability thereafter as shown in Figure 4 , as well as for the downstream molecules phosphorylation as shown in Figures 5-7 .
RESULTS

Optimization of acoustic parameters and targeting sonication locations for efficient drug delivery
The PL for efficient drug delivery was determined on the comparison of the diffusion of dextrans (40 kDa) and Gd-DTPA-BMA, which is a small tracer (574 Da), that was administered via intraperitoneal injection in the same animal each time. Even though the MRI contrast agent when used as an opening tracer showed diffusion in relatively large areas at both PLs in both the SN and CP as shown in Figure 2A , dextrans diffused in smaller areas as shown in Figures 2B and D and did not sufficiently diffuse in those areas for the shorter PL as shown in Figure 2E . For these reasons, the PL of 10,000 cycles was selected for more efficient drug delivery.
The design of a reversible BBB opening is critical for planning BBB opening for drug delivery. The results of the BBB opening characteristics (permeability, opening volume, and timeline) before and after optimizing the sonication locations at each target are shown in Figure 3 . In Figure 3A , the permeability K trans maps are shown. The two sonication locations at the CP increased the affected area at the two distinct foci without dramatic increases in permeability, which are also often correlated with damage, 36 while covering the entire region of interest. One sonication location at the SN was sufficient to be covered entirely.
In Figure 3B , it is shown that when two sonication locations are targeted, which are nonoverlapping, the overall opening volume is doubled, while the closing timeline is similar to that of one sonication location. The volume of opening after FUS could cover the entire CP with an average volume of opening 39.4 ± 4.1 mm 3 when two nonoverlapping sonication locations were targeted. A single sonication location target could provide coverage of the entire SN with an opening volume of 18.6 ± 4.7 mm 3 , while the BBB-openings were monitored longitudinally and their closing, i.e., reversibility, timeline was found to be 4 to 5 days for both the CP and SN.
Neurturin bioavailability
The immunostaining of human NTN after FUS BBB opening is shown in Figure 4 . In Figure 4A , an example of one sonication location at SN is shown, in Figure 4B an example of one sonication location at the CP is shown, and in Figure 4C an example of two sonication locations at the CP is shown. In Figure 4A (a), Figure 4B (a) and Figure 4C (a), the RGB low magnification (×1.25) images are shown, where the boundaries of the region of interest are outlined with a red dotted line, while the respective (b) and (c) are magnified at the targeted and contralateral regions. To better illustrate the bioavailability and diffusion of NTN, only the DAB channel, i.e., NTN, was extracted and is shown in (d) to (e) via color deconvolution, as was previously described and shown in Figure 1E . These findings indicate that the intravenously administered NTN diffused through the opened BBB into the brain parenchyma on the FUS-targeted side and, under high magnification, was detected in the extracellular space. NTN was not found to diffuse in the brain tissue in the nontargeted contralateral area after NTN circulation in the bloodstream, indicating highly localized delivery to the FUS-targeted areas only. NTN bioavailability was increased two-fold in the CP when two sonication locations were used, suggesting that two sonication locations are preferred over a single location for the whole CP formation coverage. Immunostaining for NTN after DI in the SN is shown in Figure 4D , as indicated by a red dotted line in (a). The injection needle was inserted perpendicular to the plane of the figure. Under higher magnification, the area of NTN diffusion around the injection point is shown in (b). The DAB color for NTN was extracted from (a) and (b) and is shown in (c) and (d) where the diffusion area is better illustrated.
The area of bioavailability in horizontal sections corresponding to the center of the FUS beam at each target was directly calculated from the extracted DAB channel, i.e., NTN immunostaining after the color deconvolution ( Figure 4E ). NTN bioavailability in the CP was found to be 5.07 mm 2 ± 0.64 mm 2 with two sonication locations used, compared with 2.63 ± 0.64 mm 2 with one sonication location, was targeted. For the SN, the NTN bioavailability area was measured to be 2.25 ± 1.14 mm 2 . The protein bioavailability after FUS was also compared with that with DI of NTN to the CP and SN formations independently, with the latter found to be limited to an average area of 0.20 ± 0.05 mm 2 around the injection site. The use of FUS significantly increased the bioavailability of NTN compared with DI in all the cases studied. Using two sonication locations was found also to significantly increase the bioavailability by a two-fold increase compared with one sonication location, and by a 25-fold increase compared with DI.
Neurturin bioactivity and downstream signaling
The signaling cascade of NTN starting from the neuronal membrane where the Ret receptor is found, to the axons where the cytoplasmic Erk1/2 can be found, and further downstream to the nucleus where the CREB transcription factor is located, was also activated within 1 hour after intravenous administration as with immunostaining ( Figures 5-7) . No immunostaining was detected in the contralateral sides, except for some areas in the close vicinity of some blood vessels, potentially because of perivascular transport as reported during cerebral infusion or convection-enhanced delivery of neurotrophic factors. 18 In addition, no immunostaining was observed because of FUS only (results not shown here). In Figure 5A , an RGB horizontal brain section including both the targeted SN and CP and their contralateral sides is shown, where DAB staining is for phosphorylated Ret (p-Ret). The p-Ret only color is shown in Figure 5B . Under higher magnification as shown in Figures 5C, 5D and 5G, 5H and in the corresponding p-Ret only images are shown in Figures 5E, 5F and 5I, 5J, p-Ret expression was increased in the targeted areas compared with the contralateral side, and the immunostaining was detected in the neuronal bodies as well as in the dendrites and axon terminals, where the receptor is supposed to be located. There was increased p-Ret staining in the CP compared with the SN.
In Figure 6A , an RGB horizontal brain section including both the targeted SN and CP and their contralateral sides is shown, where DAB staining is for the phosphorylated kinase Erk1/2 (p-Erk1/2). The p-Erk1/2 only (brown color) is shown in Figure 6B . Under higher magnification as shown in Figures 6C, 6D and 6G, 6H and in the corresponding p-Erk1/2, only images are shown in Figures 5E,  5F and 5I, 5J, p-Erk1/2 expression was increased in the targeted areas compared with the contralateral side, while immunostaining was mainly detected along the neuronal axon fiber bundles. It should be noted that p-Erk1/2 was detected in terminals projecting from the SN to the CP in areas that exceeded the FUS focal spot size.
The effects of FUS with microbubbles-only in the downstream signaling cascade were also investigated. In Figure 7 , an example for phosphorylated CREB (p-CREB) is shown where CP and SN were targeted with FUS while the contralateral side remained intact and NTN was administered. In Figure 7A , a horizontal brain section is shown, stained for p-CREB and counterstained with hematoxylin, while Figure 7B shows the corresponding p-CREB binary image after color deconvolution for DAB. In Figure 7A and Figure 7C , p-CREB immunostaining was increased in the targeted regions compared with their contralateral side ( Figure 7B and Figure 7D ). The effect is more evident in the SN where it is denser in the neuronal nuclei. Finally, FUS was detected to induce BBB opening but it was not detected to trigger the signaling cascade for p-CREB and no differences were detected between the FUStargeted and the contralateral nontargeted sides (results not shown here).
DISCUSSION
The objective of the study was to investigate whether safe and efficient NTN delivery could be achieved through FUS-induced BBB opening via intravenous administration. It was shown that the NTN was efficiently delivered through the safely and reversibly FUS-opened BBB in the caudoputamen and substantia nigra after intravenous systemic administration, while bioeffects via downstream signaling to neuronal nuclei were also detected within 1 hour. Intrastriatal injections of NTN in rodent models of PD have demonstrated neuroprotective and neuroregenerative effects on dopaminergic nigrostiatal function, 28, 29 and most recently, intraputamenal infusion in the globus pallidus of MPTP-lesioned rhesus monkeys showed behavioral improvement and elevated locomotor activity levels. 30 Nevertheless, in this study, it was shown that FUS in conjunction with microbubbles can induce high levels of NTN bioavailability through the safely opened BBB volume, and increased bioactivity, indicating the strong therapeutic potential for Parkinson's and other neurodegenerative diseases of this noninvasive drug delivery methodology.
Enhanced bioavailability of neurturin using focused ultrasound Aside from the safety concerns associated with intracranial delivery methods, NTN tissue distribution enhancement to achieve trophic effects in the Parkinsonian brain using the aforementioned techniques remains a challenge. A critical advantage of using FUS for drug delivery, as shown in this study, is that it could induce BBB opening throughout the SN and CP with relatively large volumes (~20 mm 3 ), while nonoverlapping sonication locations could be used to induce a two-fold increase in the opening volume (~40 mm 3 ; Figure 3 ). The tissue distribution of the trophic factors is a critical variable to achieve optimal effects on dopaminergic function, as it has been previously shown that the volume distribution of GDNF, for example, significantly correlated with the motor function improvements. 21 To this end, other studies 21, 41 implemented multiport catheters implanted into the putamen to achieve greater tissue bioavailability, i.e., trophic factor distribution in larger tissue volumes. To better investigate the advantages of FUS over the conventional methods, in this study, the areas of delivery of NTN after FUS was compared with DI and was found to be significantly higher and able to cover the entire formation of CP or SN, whereas diffusion of NTN after DI was restricted around the injection site ( Figure 4 ). It was shown in this ) and (I), there is an increased p-Ret compared with the contralateral side shown in (F) and (J), respectively. Both sides were exposed to NTN through the systemic circulation for 1 hour after the intravenous administration. Immunostaining is detected in the neuronal bodies as well as in the dendrites and axon terminals, providing information on the location of the Ret receptor in the dopaminergic (DA) neurons. CP, caudoputamen; DAB, diaminobenzidine; FUS, focused ultrasound; NTN, neurturin; SN, substantia nigra. study that FUS in conjunction with microbubbles is the only noninvasive technique that can be used for the treatment of large areas, thus achieving efficient trophic factor tissue bioavailability.
Here, the single application of both the FUS and the DI methods were compared. However, the DI injection method was not optimized for the purpose of this study. For example, the use of multiple injection sites instead of one could lead to better diffusion results. Therefore, the comparison reported in this study should be used qualitatively. A different study investigating the differences of the DI procedure would be necessary to reach conclusions on the exact difference between this technique and FUS.
Bioeffects of neurturin on neurons
In this study, it was shown for the first time that NTN could diffuse in the extracellular space after intravenous administration and trigger a downstream signaling cascade in neurons of the nigrostiatal pathway after FUS. First, successful phosphorylation of its receptor Ret was confirmed, and was found to be more pronounced in the CP ( Figure 5 ) than in the SN, which could possibly be because of the receptor's abundance in the axon terminals rather than the dendrites. Then, successful phosphorylation of the cytoplasmic kinase Erk1/2 was detected, along the neuronal axons revealing the neuronal structure ( Figure 6 ). Neurons of the thalamus did not show upregulation of p-Erk1/2, suggesting that mainly the dopaminergic neurons of the nigrostiatal pathway were affected by NTN in the extracellular space. It is important to note that the phosphorylation of Erk1/2 was detected in areas outside the FUS-targeted region, following the anatomical form of the neurons of the SN projecting their terminals in the CP. This may be because of the fact that the cytoplasmic kinase moved along the neuronal fibers of the neurons that responded to the NTN delivery in the CP and the SN, during the 1 hour survival post FUS. Finally, the phosphorylation of the CREB transcription nucleic factor was confirmed (Figure 7) , and was more pronounced in the SN than in the CP, possibly because of the abundance of neuronal nuclei in the former area.
The contralateral areas were always found to have very low, if any, immunostaining intensity confirming that the intravenous administration of the NTN alone was not capable of having any effects to the brain tissue. Moreover, FUS alone, with the acoustic parameters used in the study, was not found to have any where the left CP and SN only were targeted with FUS, immonostained for p-Erk1/2, and counterstained with hematoxylin, (B) is the binary image of (A) after the extraction of the DAB color only corresponding to p-Ret. (C), (D), (E), and (F) is higher magnification at the targeted and contralateral CP and SN, respectively, with the corresponding binary image after the extraction of the DAB color only. At the targeted with FUS side shown in (C) and (E), there is increased p-CREB compared with the contralateral side shown in (D) and (F). Both sides were exposed to NTN through the systemic circulation for 1 hour after the intravenous administration. Immunostaining for the phosphorylated CREB is detected in the neuronal nuclei only where the transcription factor is located. CP, caudoputamen; DAB, diaminobenzidine; FUS, focused ultrasound; NTN, neurturin; SN, substantia nigra. bioeffects on neurons, and did not cause upregulation of p-Ret, p-Erk1/2, or p-CREB.
Reversibility of blood-brain barrier opening and potential of repetitive focused ultrasound for long-term treatment Regarding the reversibility of BBB opening, it was shown here that a maximum of 5 days is required for the BBB to be reinstated, in agreement with previous studies, 36, 42 even for agents with small molecular size. It has also been shown that longitudinal sonications can be safely used to repeatedly induce reversible BBB opening in rodents 36, 37 and non-human primates. 43 In the intracranial delivery of NTN studies, [28] [29] [30] administration of the trophic factor varied from a one-time single dose to recurring daily doses for 3 months to achieve neuroprotection or neuroregeneration in models of PD disease. In other words, the required pharmacological treatment dosage rate remains to be established. In the case of a long-term treatment, which may vary from subject to subject depending on the condition, the findings of FUS studies thus far have shown that the BBB could be repeatedly opened for drug delivery in a sterile environment at desired time intervals.
Collateral blood-brain barrier opening on adjacent areas One challenge of using FUS for drug delivery in the murine brain is that because of the focal beam size, shape, and propagation pathway, it may not only affect a distinct region of interest in the brain, but also induce BBB opening in adjacent structures. For example, SN is a relatively small area located more ventrally in the brain, and as the focal length of the FUS acoustic beam was 7 mm, the entire coronal thickness of the murine brain was covered including the dorsal adjacent regions to the SN, such as some posterior regions of the thalamus and the hypothalamus, some small area of the dentate gyrus of the dorsal hippocampus and the cerebral cortex. Moreover, in studies such as this one where CP was targeted, one major challenge was to avoid FUS propagation through the ventricles. Leakage into the ventricles can lead to transportation of the drug to neighboring or more distant structures via the cerebrospinal fluid, whereas delivery of NTN beyond the desired target regions and outside the motor pathway could lead to potentially dangerous adverse effects and should be taken into consideration. Contrary to the FUS transducer used in this study for the murine brains, in a clinical setting, the focal size using FUS transducers designed for acoustic propagation through the human skull would be small relative to the brain and it could, therefore, be easier to further localize the effect of FUS onto the desired regions of interest only.
Other limitations
Limitations in this study included the limited number of mice used mainly because of the high cost of NTN acquisition. Because of this limitation, all animals were killed after the same survival time (1 hour) post sonication and injection to have a statistically significant number of repetitions of the experiment. Therefore, other effects could not be studied, such as extended circulation time in the brain and different dosages. Possibly, extended animal survival could have more intense immunostaining of NTN or increased diffusion of NTN inside the brain.
CONCLUSION
In this study, it was found that the BBB could be safely and reversibly disrupted in the caudate putamen and substantia nigra allowing the penetration of neurotrophic factors and subsequently triggering downstream effects. A PL of 10,000 cycles was found to be necessary for efficient protein delivery at 0.45 MPa . In addition, two sonication locations in close proximity were used to safely increase the BBB opening volume while covering the entire region of interest.
Neurturin delivery was shown feasible in both the caudate putamen and substantia nigra. Downstream signaling activation from its receptor to the nucleus was confirmed, and detected within 1 hour after intravenous administration. Neurturin delivery using FUS was shown to be more effective compared with administration to the brain through a DI showing enhanced delivery of the protein in the targeted areas.
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